Ambient aerosol has been identified as a major pollutant affecting human health. Standards to reduce particles mass concentrations have therefore been established in many countries. Recent studies suggest that the number concentration of aerosol particles, which is dominated by the ultrafine size range smaller than 100 nm in diameter, may be independently associated with health effects. Currently, epidemiological evidence for such effects is conflicting. We have measured aerosol size distributions at two stations (urban background, street canyon) located at a distance of 1.5 km for a time period of 1 year. Number concentrations and particle size distributions at both sites were significantly different. Short-term correlation between the two sites was weak for individual measurements of number concentrations and size bins of ultrafine particles (0.19-0.46). Correlation coefficients for hourly and daily averages in selected size ranges ranged from 0.35 to 0.46. On the other hand, the correlation coefficient for daily average particle volume concentrations was found to be 0.67. About 10% to 20% of the population of European cities lives close to roads with traffic densities comparable to our site. The underestimation of the exposure of a considerable part of a study population may therefore severely influence the outcome of epidemiological studies focused on health effects associated with ultrafine particles. A single background measurement site may not be sufficient for exposure assessment in these studies without taking spatial and temporal variability into account.
Introduction
Ambient air pollution has been considered to be one of the major environmental concerns affecting health worldwide. Epidemiological studies indicate that ambient particle mass concentrations below aerodynamic diameters of 10 mm (PM 10 ) or below 2.5 mm (PM 2.5 ) are associated with increased mortality and morbidity (Dockery and Pope, 1994; WHO-EURO, 2003) . Two different approaches have been used to assess health impacts. Long-term health effect studies assessed exposure differences between regions and indicated that persons living in areas with high PM concentrations have lower life expectancies after considering all potential confounders. Short-term health effect studies showed that on days with high PM 10 or PM 2.5 concentrations or a few days later, a larger number of deaths and disease exacerbations were recorded than on days with low concentrations. Standards to reduce particle mass concentrations have therefore been established in many countries.
Recent research has indicated that mass might only be one particle index neglecting other properties of the urban aerosol with health consequences (Oberdo¨rster et al., 1992; Pope and Dockery, 1999; Oberdo¨rster, 2000) . Freshly emitted ultrafine particles defined as particles below 100 nm (which typically contribute little to PM 10 and PM 2.5 and which are typically not reduced by measures to decrease mass concentrations ) have been proposed to be independently associated with disease exacerbation by providing large and highly reactive surfaces and thereby eliciting pathophysiological responses. Epidemiological evidence for ultrafine particle health effects from short-term effect studies is however conflicting (Peters et al., 1997; Pekkanen et al., 1997; Wichmann et al., 2000) .
Nearly all epidemiological studies relied on measurements from central urban-background measurement stations characterizing average exposures of the population under study as annual means for the long-term effect studies or 24-h averages for the short-term effect studies. Buzorius et al. (1999) have reported that 10-min averages of total particle number concentrations at several sites in the vicinity of major roads in the city of Helsinki are highly correlated. This paper has been used frequently to support single-site exposure measurement strategies for epidemiological studies focused on ultrafine particles. We have measured the particle size distribution continuously at two sites in the city of Leipzig located at a distance of 1.5 km for a period of 1 year with a time resolution of 15 min to investigate the correlation between the two sites for narrower particle size ranges and for different integration times. Our measurements show that correlation coefficients for ultrafine size ranges are weak on a daily to subdaily basis. A single measurement site may, therefore, not be sufficient for epidemiological studies focused on suggested adverse health effects of ultrafine aerosol particles.
Methods

Site description
The city of Leipzig, Germany, is a typical central European city located in the Saxon-Thuringian basin. It has about 500,000 inhabitants. The nearest higher natural elevations are located about 80 km southeast of the city. The core measurement site (IfT) is located at the Institute for Tropospheric Research in a mixed semi-industrial area about 5 km from the center of the city. There are no major industrial particle sources within 1 km of the site. The IfT site is surrounded by several major roads, approximately B100 m away. The aerosol inlet (commercial low-flow PM 10 ) is mounted on the roof of the IfT building about 16 m above the ground to minimize the influence of local emission sources such as passing cars. This site fulfils the requirements for an urban background station as defined by the WHO air quality guidelines. A second continuous measurement site has been established in a street canyon approximately 1.5 km southwest of IfT. This site (Eisenbahnstrasse) is located in an apartment in a typical residential area close to the intersection of two busy streets (B23,000 cars/day, workdays). About 10% to 20% of the population of Leipzig lives close to comparable roads. Ambient air is sampled from 5 m above the ground using an identical inlet. This site can be considered a city/urban centre station according to WHO guidelines.
Instrumentation
Particle size distributions at both sites are measured using identical TDMPS systems (twin differential mobility particle sizer, Birmili et al., 1999) consisting of two Hauke-type DMAs (differential mobility analyzer). The first DMA is an Ultrafine DMA (UDMA) that selects particles from 3 to 22 nm in diameter at an aerosol/sheath-air flow rate of 2/20 l/ min, and the second DMA selects particles from 22 to 800 nm at an aerosol/sheath-air flow rate of 0.5/5 l/min. The relative humidity of the sheath air is stabilized at less than 5%. Particles are counted downstream of the DMA using a condensation particle counter (CPC), model TSI 3010 (TSI Inc., St. Paul, MN, USA), and downstream of the UDMA using an Ultrafine CPC, model TSI 3025 (TSI Inc., St. Paul, MN, USA). Custom software using the measured transfer functions of the DMAs is used for the inversion of the raw mobility distributions (Stratmann and Wiedensohler, 1996) . The TDMPS system measures a complete particle size distribution (3-800 nm) every 15 min.
At Eisenbahnstrasse, a 10 l buffer volume (equivalent to 4 min measurement time) is used to minimize the influence of single sources like passing trucks or cars on the measured particle numbers distribution.
Data analysis
Synchronized 15-min data measured from March 1, 2002 to February 28, 2003 at both sites have been aggregated in an SPSS file (SPPS base 11.5, SPSS Inc., Chicago, IL, USA). Based on this data set, two-sided Spearman correlation coefficients have been calculated for all 40 size channels (bins) (N ¼ 36,381). In addition, subsets for weekdays (Monday through Thursday, N ¼ 17,503 and Sundays, N ¼ 5430) have been calculated to investigate the influence of local traffic on correlation coefficients. Fridays and Saturdays have been excluded from this analysis due to different traffic patterns compared to weekdays and Sundays. Days with new particle formation events associated with solar radiation (N ¼ 2581) have been compared to days without events (N ¼ 32,122) to investigate the influence of a regional source.
A custom LabView (LabView 6i, National Instruments, Austin, TX, USA) program using a spline fit has been used to calculate total particle number concentrations for selected size ranges corresponding to those used in previous epidemiological studies (3-10, 10-30 nm, 30-50 nm, 50-100 nm, 100-500 nm, 500-800 nm, 10-100 nm and 100-800 nm). Spearman correlation coefficients for these size ranges have been calculated both for hourly and daily concentration averages.
Results
The average particle number concentration at Eisenbahnstrasse was 26,000 cm À3 compared to 13,000 cm À3 at the IfT (ratio: 2:1). Average particle number distributions and integral particle number concentrations in the selected size ranges for both sites are shown in Figure 1 . The average diurnal pattern of the particle size distribution at both sites (Figure 2(a) ) is visibly different. A concentration peak in the size range from 10 to 150 nm, centered at about 13 nm, was observed at both sites starting at about 0500 hours in the morning. This morning peak parallels a peak in NO x concentrations and is caused by direct traffic emissions. At Eisenbahnstrasse, elevated concentrations prevailed until 2200 hours, indicating that this site is primarily influenced by direct traffic emissions throughout the day. The traffic peak faded at about 1000 hours at IfT. Spearman correlation coefficients for matched 15 min particle size distributions (Figure 2(b) ) have been calculated to investigate whether either single site may be used to assess short-term exposure to ultrafine particles for the whole city. Correlation coefficients of submicrometer particles were highly size-dependent. They increase from 0.19 for 4 nm particles to 0.74 for particles with a diameter of 520 nm. Two subsets of the data set have been calculated to investigate the influences of major sources for ultrafine particles on correlation coefficients.
(a) Traffic emissions are a major local source for ultrafine particles. On Sundays, heavy-duty diesel traffic is reduced by 90% compared to weekdays due to German traffic regulations. There is furthermore less individual car traffic with no distinct rush hour. Data measured on Sundays can therefore be used to elucidate the influence of local traffic on the correlation coefficients between the two sites. Figure 3(a) shows the contour plots of the particle size distributions on Sundays for both sites. Note that this graph differs significantly from Figure 2(a) . The traffic related mode of the size distribution has disappeared at the IfT, but is visible at the Eisenbahnstrasse at reduced concentrations. The correla- Reduced traffic decreases the correlation coefficients for particles smaller than 20 nm, while correlation coefficients in the size range from 20 to 300 nm increase. Owing to the reduction of local traffic sources (diesel engines typically emit particles in the size range from 50 to several hundred nm), correlation coefficients are increased because particles originating from regional transport dominate this size range at both measurement sites on Sundays.
(b) New particle formation associated with solar radiation is a major regional source for ultrafine particles (Ha¨meri et al., 1996) . New particle formation is a two-stage process (Kulmala et al., 2000) : the first stage comprises of homogeneous nucleation of thermodynamically stable clusters, while the second stage involves condensation and coagulation growth of the clusters into quasi-stable aerosol particles (typically Dp43 nm). These newly formed particles grow into the accumulation mode during the day. The contour plots for 28 days with new particle formation events during the study period are given in Figure 4 (a). Particle formation events start at about 0900 hours. Diameters of the fresh particles are in the size range from 3 to 5 nm. They grow subsequently to larger size ranges. Particle formation events affect therefore all size ranges during the day and increases the correlation coefficients between both sites for all size ranges (Figure 4(b) ).
To investigate correlation coefficients for timescales and size ranges typically used in epidemiological studies, we have aggregated our data on an hourly and daily basis. Furthermore, concentrations for integral size ranges have been calculated, which is typically done for data reduction purposes in such studies. Table 1 summarizes the correlation coefficients for the defined size ranges and timescales. Correlation coefficients for all sizes are slightly increased for hourly average data, indicating that the urban background station at the IfT is influenced by the diurnal variation of traffic patterns. The reduction of correlation coefficients for daily average data shows, on the other hand, that daily levels of particulate air pollution differ significantly Figure 4 . Average diurnal variation of the aerosol particle number concentrations at the IfT and the Eisenbahnstrasse on days with particle formation events (a) and correlation coefficients compared to all days (b). between the two sites. It is worth noticing that the highest correlation coefficients both for hourly and daily average data are observed for particles larger than 100 nm in diameter and for total particle volume concentration. These findings are in agreement with the current understanding that a single urban measurement site for particle mass concentration measurements may be representative for a whole city because fine particle mass concentration is dominated by larger particles (Burton et al., 1996) .
Conclusions
Here, we have investigated correlation coefficients between two measurement sites that may be considered typical for urban areas. We excluded both kerbside and rural measurements. Our time resolved parallel measurements have shown that correlation coefficients between two sites only 1.5 km apart are highly size-dependent with the weakest correlations in the size ranges below 50 nm. Short-term correlation coefficients between ultrafine particle number concentrations at a single site and exposure of a single subject participating in an epidemiological study in this city would range from 0.19 to 1. We have, furthermore, shown that the correlation coefficients for ultrafine particles are modified by changes of two major sources. Calculation of hourly averages along with broader size ranges did not increase correlation coefficients between the two sites significantly. What do these results imply with respect to the population average exposure within an epidemiological study? The two sites characterize extremes in urban situations because the whole population neither lives within a street canyon with open windows 24 h per day nor in an urban background situation shielded from sources like traffic. On the other hand, 10% to 20% of the population of central European cities lives close to streets comparable to our street canyon site. Epidemiological studies have so far taken the approach to select outdoor background sites such as the IFT, knowing that both the long-term average exposures as well as the short-term exposure of the population are underestimated. This underestimation is likely to occur with respect to mean concentrations as well as to the variation in particle concentrations experienced over time. Our findings imply that the health impact of fine and ultrafine particles might be considerably misinterpreted due to severe misclassification of the population average exposure based on measurements from a single measurement site in a city. Short-term health effect studies always assumed that a single monitor would adequately capture the variation of exposure within an urban area. Whereas our data suggest that this assumption might be adequate for PM 2.5 , they indicate on the other hand that it is not adequate for ultrafine particles. This might imply that the conflicting evidence from epidemiological studies of ultrafine particles might in part be explained by the choice of a single monitoring site for the respective study. Future studies need to consider spatial and temporal variation in different particle classes and might employ macroscale and microscale modeling as well as time-activity diaries within samples of individuals to correctly characterize the average exposure of the population under study.
